This paper deals primarily with t'he immediat,e effect's of feeding, and of maimenance diets, upon the glomerular clearance in a single dog, using t,he excretion of xylose or sucrose as a means of det'ermining the glomerular clearance as described by Jolliffe, Shannon and Smith (1932). (By glomerular clearance we refer t,o the volume of glomerular filtrate, as measured by the excretion of xylose or sucrose, in cubic centimeters of filtrate per square meter of body surface per minute.)
merular clearance ranged from 80.5 t'o 64.5; after a meat1 meal it rose to 105.0. Two days additional on meat (expt. 112) produced a post-absorptive clearance of 83.8 rising to a maximum level of 135.0 after meat. Thus in 8 days on a meat diet, the post-absorptive glomerular clearance was observed to vary from a minimum of 37.1 to a maximum 83.8, and t,he post,-prandial glomerular clearance was observed t,o reach a maximum of 135.0. This represents an increase of well over 300 per cent, most of which, we believe, represents a functional variation in glomerular act,ivity.
Three days later, or after a total of 11 days on a meat diet, and after the dog had been fed meat t'wice on the previous day, the post-absorpt,ive glomerular clearance ranged from 105 to 91, which cont,rasts with t'he lower and corresponding level in a single period of 83.8 t'hree days before; after a second administ'ration of xylose and water (but wit,hout meat) the clearance fell t,o 85. (This fall we are inclined to att,ribute to the addit'ional diuresis resulting from the second administration of xylose and water, because we have observed t,hat in general the glomerular clearance t'ends to fall during prolonged diuresis when the clearance is not at a basal level.)
The dog was then ret,ired to a mixed diet (predominantly meat,) for 20 days when she was again examined to determine t,he glomerular clearance at low rates of urine flow.
Sucrose instead of xylose was used to measure the glomerular clearance in subsequent experiments because it exerts less osmotic pressure in the urine, and hence less diuret'ic action, at' concentrations in the plasma suitable for quantitative det,ermination. The glomerular clearance after a meal in experiment 122 (t,able 2) ranged from 112 to 138. Seven days later, aft,er 4 days of fasting and 2 days on t.he cracker meal diet, the post-absorpt,ive glomerular clearance ranged from 80 to 93 (expt. 125) ; and the next day from 66 to 79 (expt. 126).
The dog was then retired on a mixed (predominantly meat) diet! again for a month and finally put! upon a cracker meal diet' for two weeks. She was given no water for the last three days.
The post,-absorpt ive glomerular clearance was observed to range from 38.5 to 52.8 (expt. 137) as when first examined.
After t.hree weeks more on the cracker meal diet the glomerular clearance as determined wit,h xylose instead of sucrose ranged from 45 to 59 (exptl. 144, table 1). After one week on a meat diet (expt. 147, which is not reported in full here) the post,-prandial clearance rose to 106.5, an increase of 235 per cent.
In experiment 151 we have examined the post-prandial effect,s of eating cracker meal, butter and sugar, in another dog. The glomerular clearance during the pre-prandial period was about 72.0; it remained unchanged immediately after eat,ing, but 5 hours lat,er rose during a single, terminal period to 78.8. This figure may not have been t,he maximum, but when this result is compared with our previous experiment's it appears that t,he above food mixture has only a relatively slight action upon glomerular activity.
Meat under these same conditlions might be expected to raise the glomerular clearance above 100 (cf. expts. 112 and 113). It must be not,ed, however, that the above food mixture contrains nearly 10 grams of protein which itself may account for the observed increase in glomerular act'ivity.
MacKay, MacKay and Addis (1928) and MacKay and MacKay (1931) have shown that prot,ein feeding leads to hypertrophy of t,he kidneys in t'he growing rat, and MacKay (1932) implies that the changes in the urea clearance of the dog on mixed as compared to cracker meal diets (Jolliffe and Smith, 1931a, b) are attributable in part to renal hypert,rophy. We do not believe that our present results can be wholly explained by hypertrophy; we recognize that it is quite probable t,hat protein feeding in the dog will lead to hypertrophy of the kidneys, as in the rat!, but the changes in glomerular clearance which we have described are in adult dogs, and are too rapid and t'oo reversible to be wholly due to hypert,rophy.
The glomerular clearance was increased from 37.1 to 74.8 in 5 hours (expt,. 107); and four days later from 43.3 to 75.2 in the same period of t,ime (expt. 110) ; aft,er experiment 122 in which the post-absorptive glomerular clearance ranged from 112.0 t,o 138.3, it fell in eight days of fasting t,o a low value of 66 (expt. 126). We cannot exclude some hypertrophy and at,rophy in our experiments, but certainly we cannot account for such large changes in such a short period of time exclusively on this basis.
Nevertheless this phenomenon is a peculiarly erratic one; the effect, of meat t,ends to persist for some hours after meat feeding so that, the effects ol: a cont,inuous meat diet are cumulative; while on the 0th .er h .and, t he glom .erular clearance when elevat,ed by meat is very irregular and t,ends to drop abrupt,ly to intermediat,e levels, parCcularly aft,er prolonged diuresis. This instability at high levels confirms the opinion of Jolliffe and Smit.h (193lb) t'hat a more uniform clearance may be obt)ained at low levels (i.e., on a cracker meal diet). Our experience has been that animals reduced to the lower level of glomerular clearance will show (particularly during and after diuresis) an astonishing constancy in behavior, whereas little uniformity can be expected at the elevated glomerular clearance levels observed on a mixed or a meat diet.
The e$ect of diet upon the urea clearance glomerular clearance ratio. It has been our experience so far that the ratio of the urea clearance to t'he glomerular clearance may vary considerably in different dogs, though we are not prepared to discuss this point further at this time. We have, however, followed the urea clearance on dog 36 throughout the above experiments because we felt that valid conclusions on the effect of diet could be drawn, at least at the present time, only in this way. It will be noted that a change of rt 5.0 in empirical urea and xylose clear-antes of 70 and 100, respectively, produces a change in the ratio of t,hese clearances from 0.62 to 0.74. We believe that this variation is perhaps the magnitude which should be allowed in the above observations for experimental errors (analytical, failure to obtain representative blood or urine samples, or failure t'o obtain sufficiently flat blood plat,eaus of sugar, etc.) and consequently a difference in the urea: sugar ratio of ~tO.05 or less is hardly significant.
With this fact in mind it would appear that the urea: sugar rat,io is not significantly affected by changing from a cracker meal diet t,o a meat diet, but remains between 0.65 and 0.75 (see expt. 106 as compared with expts. 110, 111, and 112); nor is this ratio significant'ly affected by the ingest,ion and metabolism of meat (expt. 107 -and 110) .
The e$ect of the rate of urine $0~ and of the urea concentration on the urea clearance: glomerular clearance ratio. Jolliffe and Smith (193la, b) observed an augmentation limit for urea (cf. Austin, Stillman and Van Slyke, 1921 ) at a urine flow of about 0.2 cc. per minut,e in dogs maintained on a cracker meal diet, and at about 0.4 cc. in dogs maintained on a mixed diet. We cannot discuss at this time the glomerular clearance at urine flows below the augmentation limit, but we must not,e that at urine flows above 1.0 cc. per minute the rat'e of urine flow has no effect upon the urea:sugar ratio (expts. 106, 107, 110, 111 and 112) although the concentrat,ion of urea in the urine varies from 60 t'o 2375 mgm. per cent,.
In the above experiments the concentration of urea in the plasma varied from 10 to 80 mgm. per cent with no effect upon t'he urea:sugar ratio.
In experiment 145 (table 1) urea was administered by stomach after the glomerular clearance had been reduced t,o a low level by maintenance on a cracker meal diet. In three control periods the urea : sugar ratio averaged 0.681; after the urea was administered, t,his ratio averaged 0.706. Thus no significant change in the urea: glomerular ratio occurred alt'hough the urine urea increased from 211 to 3330 mgm. per cent and the plasma urea from 16.4 t,o 209.2 mgm. per cent,.
Thus, under t,he conditions described above, the urea: sugar rat'io is independent of rate of urine flow, blood urea and urine urea concent'ration. This fact must ultimately be taken into account in considering the question of why the urea clearance is less than the glomerular clearance.
On the other hand, at rates of urine flow below 1.0 cc. per minute there is a significant tendency for the urea: sugar ratio to fall, as shown in experiment 144 with xylose and experiments 122, 125, 126 and 137 with sucrose. This fact suggests the possible passive reabsorpt'ion of urea, as was first argued by Rehberg (1926) from a comparison of the rates of excretion of urea and creatinine.
But since the present data are not wholly suitable for the examination of this difficult quest,ion and since we believe that the problem is open t'o more direct, experimental investigation, we will not dis- cuss it at this time.
Our observations that feeding meat increases the rate of excretion of urea relative to the blood urea confirms Addis and Drury (1923) who observed a similar result in man after feeding milk, a mixed meal, etc.
DISCUSSION.
The most interesting aspect of these experiments relates to the effect of diet upon the glomerular clearance. That the glomerular clearance in animals other than the dog is neither constant nor maximal is established by several lines of evidence.
In his Harvey Lecture of 1920-21, Richards (1922) described experiments made with Plant (1917) , showing that in the perfused mammalian kidney small doses of adrenalin have a vasoconstrictor effect (raising the perfusion pressure) though paradoxically causing the kidney to swell. This he explained by the assumption that adrenalin constricts the efferent arterioles of the glomeruli and causes swelling and increased pressure within the glomerular capsule. This increased pressure leads to increased filtration and increased urine formation in spite of the reduced blood flow through the kidney as a whole. Richards also described experiments made with Schmidt on t'he transilluminated frog's kidney in which alternation of glomerular act,ivity was observed in the living animal, some glomeruli showing rapid blood flow and ot,hers a sluggish flow as though the efferent art'eriole were greatly constricted.
These observations were extended in subsequent communicat,ions (Richards and Plant, 1922a, b; Richards and Schmidt', 1924) . The number of active glomeruli may be increased by vaso-dilator agencies, etc. (section of sympathetics, injection of NaCl solution, glucose, urea, caffeine and pituitrin in small doses) and decreased by vaso-constricbor agencies (afferent nerve stimulation, hemorrhage, injection of adrenalin or pituitrin in large amounts).
Further evidence of the constriction of the efferent arterioles in the frog glomerulus as induced by barium was presented by Mendenhall, Taylor and Richards (1924), and as induced by adrenalin, by Richards, Barnwell and Bradley (1927) . Whit'e (1930) has more recent'ly observed changes in the blood flow of the transilluminated kidney of Necturus, when the glomerular capillaries became congested and dilated.
The efferent arteriole was observed to be not,iceably constricted.
Biet,er (1929) has confirmed the intermittent blood flow in the transilluminated frog's kidney as described by Richards and Schmidt, and the rble of t,he sympathet,ics in maintaining this intermittency. Bieter has also called attention to t'he appearance in some glomeruli in the frog of a short capillary which connects the afferent with the efferent arteriole, thus affording a "shunt" which permits a rapid blood flow through the glomerulus, while circumventing any great filtration into the capsule. This observation is particularly interesting in that it affords an anatomical basis for glomerular inactivity while insuring continued circulation t,o the tubule t'hrough the efferent arteriole.
In mammals the first recorded evidence of intermittent glomerular function, apart from Richards and Plants' experiments with the perfused kidney, were afforded by Khanolkar (1922) who tried to demonstrate this intermittency by inject,ion methods. After trying a variety of injection mat,erials Khanolkar used carmine and hemoglobin; particularly with the latter he found in frozen sections of injected rabbit's kidney numerous glomeruli showing hemoglobin deposits. He concluded that not all the glomeruli are active at one time and that diuresis (saline plus caffeine) increased the proport,ion of active units.
( the objection that it produces profound changes in kidney volume, and probably disturbances in glomerular activity-a danger which attends all injection methods.
Cf. Reid, 1929 and Mason and Mann, 1931 .) Hayman and Starr (1925) , from injection experiments with Janus green, concluded that the number of open glomeruli in the rabbit's kidney varies widely under spontaneous and experimental conditions. The proportion of act,ive glomeruli is increased by caffeine and saline and decreased by adrenalin and CO2 inhalation. Sheehan (1931) has observed that after inject'ion of dyes into rabbit's some tubules may be stained while others are not, which fact indicates intermittency of activity. Bensley (1929) has examined the efferent arterioles in mammals and detribes a network of cells (pericyt,es) investring them which resemble Rouget cells somewhat in t'he smaller animals, but which approach true smooth muscle cells in structure in t'he case of man. He considers these pericytes to be a mechanism admirably adapted for the intrinsic control of glomerular act,ivity and pressure. Winton (1931a, b) , working with the isolat'ed dog kidney, has reached conclusions in line with the observations which Richards has made upon t,he frog; t,he quantity of glomerular filtrate can be increased by dilatat!ion of t,he afferent art'erioles and constriction of the efferent art'erioles (adrenalin in small doses, etc.) while constriction of the afferent art,erioles (larger doses of adrenalin) reduces t,he quantity of glomerular filt,rate.
According to Winton, caffeine increases tlhe glomerular pressure and blood flow by dilatation of the afferent arteriole; low concentrations of adrenalin have the same effect on the glomerular pressure but reduce the blood flow by const8ricting the efferent art,eriole; higher concent8rations of adrenalin reduce glomerular pressure and blood flow by constricting t,he afferent arteriole.
Pituitary extracts, according to Winton, reduce the urine flow by increasing t,he rate of reabsorption of water and not by a vasomotor act,ion.
The above observations supplement our present findings that the glomerular activity varies over a wide range in t'he normal, intact!, unanesthet'ized dog. There is nothing in our data on the effect of diet to indicate how t,hese changes in glomerular activit,y are brought about in t,he kidney; i.e., whether by changes in effect,ive glomerular filtration pressure or tot,al filtering surface.
The former might result from changes in efferent or afferent arterial tone, tot,al blood flow t'hrough kidney or systemic arterial pressure, and the latter from changes in the t,otal number of active glomerular capillaries, whether mediated by "shunts" or otherwise.
(We know of no histological evidence which definit,ely precludes the existence of capillary shunts between t'he afferent and efferent art'erioles in t,he mammal similar to those observed by Bieter in the frog.)
Nor is there evidence here to enable us t'o decide whether the changes in glomerular act,ivity are effected through some humoral fact'or associated with the high prot,ein metabolism characteristic of a meat diet, or whether these changes are effected by way of the sympathet,ic nervous syst,em.
In addition, it is recognized that there may be changes in the protein content of the plasma brought about by diet, but these would be expected to act in the reverse THE   EXCRETION  OF URINE  IN  THE  DOG   635 direction since the plasma protein should rise and tend to retard glomerular filtration on a high protein diet. But it is possible to conclude from these data that there are important changes in the functional act!ivity of the glomeruli associated with metabolism, and that these changes in functional activity tend t,o be cumulative so that the net result of a week's maintenance on a part'icular diet may be much more marked than the results of a single meal, even when the functional activity of the kidneys is observed in the standard, post-absorptive condition.
It would appear that a similar phenomenon occurs in man if we may make an approximation from the data on Deuel, Sandiford, Sandiford and Boot)hby (1928) .
During the period when Deuel was living on a low protein diet the blood ureas remained consistent,ly at 14 mgm. per cent. Doctor Boothby has kindly furnished us with t,he urine volumes which enable us to calculate Deuel's urea clearance from the 24 hour dat,a. The standard clearance was 53.4 at a urine flow of 0.475 cc. per minute on the first day on the low protein diet, and fell to 17.5 on the third day (urine flow, 1.21 cc. per minute) and t'o 9.6 on the 32nd day (urine flow, 0.347 cc. per minute). If the urea clearance parallels t'he glomerular clearance in man as closely as it has in the experiments reported here on the dog, these calculatlions would indicate that Deuel's glomerular filtrate was very significantly reduced by subsistence on a low protein diet.
SUMMARY
Observations on a single dog fed alternately on a cracker meal diet and a meat diet show that the glomerular clearance (xylose or sucrose clearance) can be increased nearly 3+-fold by feeding meat,, i.e., from 40 t,o 135 cc. per square meter of body surface per minute.
The glomerular clearance can be increased two-fold in the course of 4 or 5 hours after a single meal of raw beef but tlhe maximal effect is obtained after feeding meat when meat is also used as a maintenance diet. The glomerular clearance tends to persist at an elevated level for some hours or days after meat feeding, so that the effect of a meat diet is cumulative.
Evidence is presented in favor of the view that t,his elevation in t,he glomerular clearance is largely due to increased glomerular filtration, rather than to hypertrophy of the kidneys. While on a meat diet the glomerular clearance tends to be errat,ic and may fall abrupt,ly to intermediate levels, which again argues against this elevat,ion being due t,o hypertrophy of renal tissue. The urea clearance is invariably less than t'he glomerular clearance. There is no change in the urea: glomerular clearance ratio with changes in urine flow above 1.0 cc. per minute, and with changes in plasma urea from 16.4 
